ABSTRACT Bertha armyworm, Mamestra configurata Walker, oviposition preferences were examined using choice and no-choice experiments with intact cruciferous plants. Previous larval feeding experiments had indicated that some Brassica juncea L., Sinapis alba L., and B. carinata L. lines were relatively resistant to bertha armyworm feeding. To examine oviposition preferences, a representative cultivar from each species was compared with the Brassica napus L. cultivar AC Excel using plants at the full-ßower stage in a choice experiment. The S. alba cultivar AC Pennant received the greatest number of eggs, despite being relatively resistant to larval feeding and offering the least amount of foliage among the plants tested. AC Excel was also compared with the B. juncea cultivar AC Vulcan in dual-choice and no-choice experiments. Bertha armyworm oviposition was substantially greater on AC Excel than on AC Vulcan in all experiments. The effects of crop phenology on oviposition were examined using three growth stages (preßower, full-ßower, and pod) of B. napus AC Excel in choice tests. The number of egg masses and total number of eggs on each plant were used to measure oviposition. The full-ßower plants were signiÞcantly more preferred for oviposition than plants in preßower or pod stages. Bertha armyworm laid most eggs in the upper portion of the crop canopy on the underside of leaves.
BERTHA ARMYWORM, Mamestra configurata Walker, is a major insect pest of canola, Brassica napus L. and Brassica rapa L., on the Canadian prairies. In outbreak years, bertha armyworm can cost tens of millions of dollars in crop losses and chemical control (Mason et al. 1998) . Economic damage is the result of larval feeding on the foliage and developing seed pods of canola plants (Bracken and Bucher 1977) . Consequently, this stage has been the focus of bertha armyworm host plant studies to date. However, it is the adult female that selects the host plant on which the larvae will feed. Early instar larvae are unable to search for a suitable host plant and must feed on, or very near, the plant on which the eggs were laid. Thus, host plant resistance as a defense strategy against bertha armyworm must include development of plant lines less attractive for oviposition.
The adults of other lepidopteran pests of canola, including the crucifer specialist, the diamondback moth, Plutella xylostella (L.), have been studied with respect to the role of host plant attractiveness and oviposition site selection (Palaniswamy et al. 1986 , Reed et al. 1989 , Justus and Mitchell 1996 . Whereas volatile components associated with canola and related crucifers appear to be attractive to both male and female diamondback and may play a role in host plant location (Palaniswamy et al. 1986) , it has been shown that it is glucosinolates, in particular sinigrin, that play a key role as oviposition cues for diamondback moth (Renwick and Radke 1990, Justus and Mitchell 1996) . Previous studies indicate that the glucosinolates, sinigrin and sinalbin, may play a role in host plant preferences and suitability for the larval stages of bertha armyworm. For example, although Brassica juncea (L.), brown mustard, and Sinapis alba (L.), yellow mustard, are listed as potential crop targets for bertha armyworm (Anonymous 1995) , they have also been shown to be relatively resistant to bertha armyworm larval feeding (Bodnaryk 1991 , McCloskey and Isman 1993 , Ulmer et al. 2001 . However, to date nothing is known regarding host plant selection and oviposition cues used by adult moths of M. configurata. The current study was undertaken to determine whether host plant preferences exist for gravid bertha armyworm females and to establish which canola growth stages are most attractive to ovipositing females. Thus, a series of choice experiments were carried out in Þeld cages to evaluate host plant attractiveness among different crucifer hosts using cultivars of B. napus, B.
juncea, Brassica carinata, and S. alba in full-ßower. The B. napus and B. juncea cultivars were also tested in dual-choice (Þeld-cage) and no-choice (greenhouse) experiments using full-ßower plants. Choice experiments were also undertaken to determine the most attractive plant growth stage for bertha armyworm oviposition, comparing oviposition on plants at the preßower, full-ßower, and pod stage in Þeld cages with the B. napus cultivar AC Excel. Bertha armyworm oviposition preferences for different plant parts and regions of the crop canopy were also evaluated.
Materials and Methods

Insects.
A laboratory colony of bertha armyworm was reared on a semisynthetic diet (Bucher and Bracken 1976 ) at 21ЊC, 60% RH, and under a 20L:4D photoperiod. The genetic diversity of the colony was maintained by annually mating colony insects with moths derived from Þeld-collected pupae. The colony cycles through Þve to six generations per year. Upon pupation, individuals were sexed and transferred to 500-ml plastic tubs with screened lids at 21ЊC, 60% RH, and a 16L:8D photoperiod until adults emerged. The male and female moths were mated in mesh cages (38 ϫ 26 ϫ 26 cm) within 2 d of eclosion at 21ЊC, 60% RH, and a 16L:8D photoperiod. After a 48-h mating period, adults were released into cages containing plants. Thus, females were exposed to plant material during the third, fourth, or Þfth scotophase after eclosion when bertha armyworm lay the most eggs (Howlader and Gerber 1986) .
Host Plants. Seeds of B. napus AC Excel, B. juncea AC Vulcan, B. carinata Dodolla, and S. alba AC Pennant were sown, two per 12.7-cm pot, directly in a soil-less mix, and grown in a greenhouse at 22ЊC and a 16L:8D photoperiod and watered daily. For the cultivar choice and no-choice experiments, plants of each cultivar were grown to full-ßower (stage 4.2 [Harper and Berkenkamp 1975] ). For the phenology experiment, AC Excel plants were grown until they reached the appropriate growth stage, preßower, full-ßower, and pod (stages 3.1, 4.2, and 5.2, respectively [Harper and Berkenkamp 1975] ). For the Þeld-cage experiments, greenhouse-grown potted plants were transferred to outdoor cages. The pots were placed in galvanized trays (60 ϫ 90 ϫ 6 cm) and bottom watered for the 48-h period of the experiment.
Leaf Area Available for Oviposition. Because 97% of bertha armyworm oviposition occurred on the leaves (see Results), only leaf material was used to determine the amount of substrate available for oviposition on the different crucifer cultivars and the different growth stages of AC Excel. Leaf material was collected from 10 plants of each cultivar. Leaves were separated from the plant at the base of the leaf blade. Dry weight was used as an index of the approximate leaf area available for oviposition. After the leaf material from individual plants was dried at 60ЊC for 72 h in paper bags, dry weight was determined. Previously, it was shown that dry weight per unit surface area of leaf material was not signiÞcantly different among the Brassica lines; however, S. alba AC Pennant had signiÞcantly less (0.85 times) dry weight per unit leaf area than the Brassica lines (Ulmer et al. 2001) . For the plant phenology experiment, 10 AC Excel plants from each growth stage were used. The dry weight of leaf material for each vertical third of the plants was measured.
Cultivar Preference Experiments. To examine oviposition preferences between the B. napus cultivar AC Excel and the B. juncea cultivar AC Vulcan, experiments were conducted in Þeld cages (1.65 ϫ 1.60 ϫ 5.95 m) at the Agriculture and Agri-Food Canada (AAFC) Research Farm near Saskatoon (N 52Њ 09Ј, W 106Њ 34Ј). Each cultivar treatment consisted of 16 plants in a tray (four rows of four plants spaced at 12-cm intervals). Each cage contained one tray at either end; placement of the trays was randomized over the four cages in each experiment. Moths (10 of each sex) were mated for 48 h with no exposure to plant material before being released into the middle of the cage, and allowed access to the plants for 48 h. Plants were then divided into vertical thirds and destructively sampled to collect egg masses. The position (plant tissue and adaxial versus abaxial surface) of each egg mass on the plant was also noted. Eggs were counted from an enlarged digital image of each egg mass. The experiment was replicated three times (using four cages in each replicate), twice in the last 10 d of June, and once in the Þrst week of August 2000.
A similar experiment was carried out with four crucifer cultivars. A group of 16 full-ßower plants (four rows of four plants spaced at 12-cm intervals in a tray) of each of B. napus AC Excel, B. juncea AC Vulcan, B. carinata Dodolla, and S. alba AC Pennant was placed in each cage. The protocol was similar to that in the above experiment, except: 1) the four groups (cultivars) were arranged with equal spacing (80 cm between trays) along the length of the cage; placement of the trays was randomized over the four cages in each experiment; 2) 12 mated pairs of moths were released into each cage; and 3) the plants were not divided into vertical thirds when sampled. The experiment was replicated three times (using four cages in each replicate) from 23 June to 4 July 2001.
No-Choice Experiment. The B. napus cultivar AC Excel and the B. juncea cultivar AC Vulcan were tested for attractiveness for bertha armyworm oviposition in a greenhouse no-choice experiment. Two full-ßower plants, in one pot, were placed in a 40 ϫ 42 ϫ 75-cm mesh cage. Moths (three of each sex) were mated for 48 h with no exposure to plant material and then released into the cage. On each of consecutive 5 d, plants were inspected for eggs, and egg masses were cut from the leaves with scissors, removing as little leaf material as possible. Eggs within each egg mass were counted using a dissecting microscope. During mating and throughout the experiment, a 10% sucrose-honey solution was offered to the moths as food by means of a wick in a covered plastic bottle. The experiment was conducted with a 16L:8D photoperiod and at temperatures ranging from 15ЊC at night to 20ЊC during the day. The experiment was repeated six times with AC Vulcan and seven times with AC Excel.
Plant Phenology Preference Experiment. To determine the effect of plant phenology on oviposition, experiments were conducted in Þeld cages (1.65 ϫ 1.60 ϫ 5.95 m) at the AAFC Research Farm near Saskatoon. Sixteen plants from each of three growth stages (preßower, full-ßower, pod) were placed in three distinct groups arranged randomly at equal distance along the length of the cage, each group consisting of one growth stage. Moths (10 of each sex) were mated for 48 h with no exposure to plant material before being released into the middle of the cage, and allowed access to the plants for 48 h. Plants were then divided into vertical thirds and destructively sampled to collect egg masses. The position of each egg mass on the plant was noted, and eggs were counted from an enlarged digital image of each egg mass. The experiment was replicated three times (using four cages in each replicate) from 6 July to 20 July 2000.
Temperature. Air temperature was recorded during the Þeld-cage experiments using a Campbell ScientiÞc (Edmonton, Canada) CR10 data logger with a HMP45C temperature sensor (shielded) placed at 1.4 m above the ground surface. Recordings were every 20 min (based on the mean of readings every 10 s).
Data Analysis. An analysis of variance (ANOVA) was performed to determine treatment and replicate effects, as well as interactions for the plant phenology experiment and the four-cultivar experiment. A oneway ANOVA was performed for the leaf dry weights, the number of eggs per egg mass on different cultivars, and the egg count data for each vertical third of the phenology experiment. TukeyÕs method was used for comparison of means if the ANOVA gave a signiÞcant F value. A paired t-test was used for the dual-choice oviposition preference experiment, and a two-sample t-test was used for the no-choice experiment involving AC Excel and AC Vulcan cultivars (Statistix 4.0, Analytical Software, Tallahassee, FL).
Results
Cultivar Preference Experiments.
In the dualchoice Þeld-cage experiment, female moths laid signiÞcantly more eggs per cage on AC Excel (2111 Ϯ 346) than on AC Vulcan (1340 Ϯ 207) (T 23 ϭ Ϫ8.09, P Ͻ 0.0001) (Fig. 1) . Females laid a total of 190 egg masses on AC Excel with 133 Ϯ 7.5 eggs per mass and 143 egg masses on AC Vulcan with 112 Ϯ 7.9 eggs per mass. The number of eggs per egg mass was not signiÞcantly different between the two cultivars (F 1,331 ϭ 3.6, P ϭ 0.058). Most eggs found were in the middle vertical third of the plants, followed by the top and bottom thirds on both AC Excel and AC Vulcan (P ϭ 0.0007 and P ϭ 0.010, respectively) (Fig. 1 ).
There were signiÞcant differences in the number of eggs laid on the four crucifer cultivars tested in the Þeld-cage choice test (F 2,6 ϭ 5.52, P ϭ 0.036) ( Table  1) . AC Pennant received the most eggs per cage, followed by AC Excel, AC Vulcan, and Dodolla, respectively. Females laid a total of 164 egg masses on AC Pennant with 129 Ϯ 9.1 eggs per mass, 147 egg masses on AC Excel with 99 Ϯ 6.9 eggs per mass, 93 egg masses on AC Vulcan with 94 Ϯ 8.8 eggs per mass, and 60 egg masses on Dodolla with 105 Ϯ 10.2 eggs per mass. The number of eggs per egg mass was not signiÞcantly different among the four cultivars (F 3,415 ϭ 2.2, P ϭ 0.086). There were also signiÞcant differences in the amount of leaf material on the four cultivars (F 3,16 ϭ 3.36, P ϭ 0.045) ( Table 1) . AC Pennant had the least leaf material, followed by AC Vulcan, AC Excel, and Dodolla, respectively.
In the no-choice greenhouse experiment, signiÞ-cantly more eggs were laid on AC Excel (1,902.9 Ϯ 247.8) than on AC Vulcan (1,375.7 Ϯ 121.9) after Þve nights of oviposition (F 6,5 ϭ 4.82, P ϭ 0.05).
Plant Phenology Preference Experiment. In the Þeld-cage choice experiment, female moths laid signiÞcantly more eggs on plants in full-ßower (2,663 Ϯ 388) than on preßower (1,045 Ϯ 152) or pod plants (549 Ϯ 129) (F 2,33 ϭ 19.24, P Ͻ 0.0001) (Fig. 2a) .
On full-ßower plants, signiÞcantly more eggs were found in the middle third of the crop canopy than on the top or bottom (F 2,33 ϭ 7.56, P ϭ 0.002) (Fig. 2a) . SigniÞcantly more eggs were found on the top third of preßower plants than in the middle or bottom thirds (F 2,33 ϭ 3.63, P ϭ 0.037) (Fig. 2a) . There were no signiÞcant differences in the number of eggs on each vertical third of pod plants (F 2,33 ϭ 1.93, P ϭ 0.16) (Fig.  2a) .
Full-ßower plants had signiÞcantly more leaf material in the middle vertical third than in the bottom or top third (F 2,27 ϭ 19.26, P Ͻ 0.0001) (Fig. 2b) . However, preßower plants had signiÞcantly more leaf material in the top third of the plants than in the middle or bottom third (F 2,27 ϭ 15.26, P ϭ 0.0001) (Fig.  2b) . Pod plants had more leaf material in the middle vertical third than in bottom or top thirds (F 2,27 ϭ 12.21, P ϭ 0.0002) (Fig. 2b) . Because the leaves of the S. alba cultivar AC Pennant are thinner, the leaf area per unit dry weight is lower than for the Brassica cultivars. Thus to convert the dry weight as an index of leaf area, the dry weight value for AC Pennant, 1.48, should be multiplied by 0.85 to give an equivalent index (1.26) of leaf area to those for the Brassica species (Ulmer et al., 2001) . Egg Mass Position. In the dual-choice and plant phenology Þeld cage experiments, 751 egg masses containing 92,506 eggs were collected; thus, a bertha armyworm egg mass averaged 123 Ϯ 3.9 eggs. Egg mass size ranged from 1 to 778 eggs, with a median value of 103 eggs per mass. SigniÞcantly more egg masses were laid on the lower surface of leaves (92%) than on any other plant part (F 3,15 ϭ 13.65, P Ͻ 0.0001) ( Table 2) . Small numbers of eggs were laid on the upper surface of leaves (5%) as well as on stems, petioles, ßowers, and pods (Table 2) .
Temperature Data. There was no apparent relationship between temperature and bertha armyworm oviposition in the current study. The mean 48-h temperature for the outdoor experiments ranged from 14.1 to 22.0ЊC. The maximum temperature recorded during the Þeld experiments was 29.1ЊC, and the minimum temperature was 7.8ЊC. These temperatures are well within the range at which bertha armyworm calling, mating, and oviposition occur (Howlader and Gerber 1987) .
Discussion
Ovipositing bertha armyworm laid more eggs on the B. napus cultivar AC Excel than on the B. juncea cultivar AC Vulcan in the no-choice experiment with full-ßower plants, in the dual-choice Þeld experiment, and in the Þeld experiment with four crucifer cultivars. The lower oviposition preference of bertha armyworm for AC Vulcan compared with AC Excel parallels results of previous larval feeding experiments in which B. juncea lines were less preferred by feeding larvae relative to several other crucifer plant lines, including AC Excel, and slowed larval growth and development (McCloskey and Isman 1993, Ulmer et al. 2001 ). The resistance to larval feeding has been attributed to high levels of sinigrin, the predominant foliar glucosinolate among the B. juncea lines tested (McCloskey and Isman 1993 , Shields and Mitchell 1995a , Ulmer et al. 2001 . Sinigrin is found in a wide range of plant species that produce glucosinolates (Daxenbichler et al. 1991) , and it is likely that bertha armyworm has evolved with plants containing this compound. Larval bertha armyworm have been shown to have sinigrin-sensitive sensilla, the stimulation of which deters feeding (Shields and Mitchell 1995b) . It would be valuable to examine whether adult females are also able to detect sinigrin and are deterred from ovipositing on those plants that contain high levels of this glucosinolate.
S. alba cultivars, including AC Pennant, have also been shown to be relatively resistant to larval feeding (Bodnaryk 1991 , Ulmer et al. 2001 . Although S. alba cultivars lack sinigrin, the glucosinolate sinalbin, which is present in the foliage of S. alba cultivars, has been linked to this resistance. Larvae that feed on these plants are destined to slower development and lower survival than those on a more suitable host (Bodnaryk 1991 , Ulmer et al. 2001 . However, in the current study, AC Pennant was the most attractive host plant for oviposition. Although sinalbin is detrimental to larval development and survival, adult females may not be equipped with sensilla that detect sinalbin. This apparent contradiction may be a result of the relatively short, if any, evolutionary history that the bertha armyworm has with Sinapis spp. and their unique glucosinolate proÞles. Sinapis arvensis is thought to have been present in the northeastern United States as early as 8000 yr b.p. (Warwick 1993) , while the historic geographic range for M. configurata is believed to be western North America (Crumb 1956 ); however, it is unclear if or when Sinapis spp. occurred in the range of the bertha armyworm in the past. Host plant acceptance is a trade-off between attractants and deterrents; thus, even if adult females could detect sinalbin, perhaps there are other host plant characteristics that are so strongly attractive that any inhibitory effect of sinalbin is overridden. For example, compared with the other cultivars tested in the current study, AC Pennant plants were distinct in terms of leaf architecture and had a Ͼ10 times greater density of foliar trichomes relative to the Brassica cultivars tested (Ulmer, unpublished data) . Increased trichome density has been shown to be attractive to several other noctuids during oviposition site selection (Hillhouse and Pitre 1976 , Navasero and Ramaswamy 1991 , Mascarenhas and Pitre 1997 . Female bertha armyworm may show a similar preference for the increased trichomes on S. alba plants.
B. napus AC Excel plants in full-ßower are the most attractive growth stage for ovipositing bertha armyworm. SigniÞcantly more egg masses and eggs were laid on full-ßower plants than on preßower or pod plants. Although full-ßower plants have more available leaf material for oviposition than the preßower or pod plants, this difference is relatively small when compared with the number of additional eggs found on the full-ßower plants. The oviposition preference for ßowering plants in the current study is consistent with previous pheromone trap count data that indicated that ßowering plants may be more attractive to adult bertha armyworm than other growth stages (Turnock 1984) . A similar oviposition preference for ßowering plants has also been observed for other polyphagous noctuids. Soybean looper, Pseudoplusia includens, shows a strong preference for ßowering soybean, its preferred host, relative to preßower plants (Felland et al. 1992) , and corn earworm, Heliothis zea, lays signiÞcantly more eggs on ßowering snap beans than on preßower or postbloom plants (McLeod 1988) . Corn earworm have also shown a similar preference for the ßowering stage of several other host plants (Johnson et al. 1975 ).
In the current study, bertha armyworm moths were observed feeding on the nectar of ßowering plants, and this source of food may be in part responsible for the attraction to this growth stage. The potential importance of nectar to ovipositing H. zea was suggested by McLeod (1988) in a no-choice study in which females on ßowering snap bean plants maintained egg production throughout the 6-d study, while those on preßower and postbloom plants showed dramatically reduced egg production after the third day. Crop canopy development has also been associated with soybean looper oviposition preferences, females preferring plants at the ßower or early pod stage that provides the most dense crop canopy (Felland et al. 1992, Mascarenhas and Pitre 1997) . Similarly, ßower-ing canola plants provide a more dense crop canopy than either the preßower or pod plants that may be attractive to ovipositing bertha armyworm. The increased foliage on ßowering plants relative to other growth stages may also protect eggs and neonate larvae and provide them with the microenvironment they require for optimal development, as well as providing the largest potential food source.
In this study, the preferred site for bertha armyworm oviposition within the crop canopy was related to the amount of leaf material in each vertical third of the crop. Most oviposition among full-ßower and pod plants occurred in the middle vertical section of the crop canopy, where leaf material was greatest. Likewise, oviposition on preßower plants was greatest on the top third, where most leaf material occurred. However, the available leaf material did not fully explain the observed oviposition behavior. Among full-ßower plants, the top third of the canopy received more than twice as many eggs as the bottom third, despite having less than half as much leaf material. A similar preference for the upper part of the host plant has also been observed among other noctuids (Hillhouse and Pitre 1976 , Mascarenhas and Pitre 1997 , Sappington et al. 2001 . Ovipositing bertha armyworm may be attracted to canola ßowers, and as a result lay most eggs on the upper part of the plant. Leaf tissue in the upper part of the canopy is also younger, and as a result the leaves are more densely covered with trichomes that may be an oviposition stimulant. This behavior would also beneÞt larvae that are negatively geotropic and may Þnd the younger tissues near the top of the plant easier to ingest.
Although eggs were laid on all parts of the crucifer plants tested, bertha armyworm laid 92% of their eggs on the underside of leaves. A preference for laying on the underside of leaves also occurs among other noctuids (Mascarenhas and Pitre 1997 , Pansera-DeAraujo et al. 1999 , Sappington et al. 2001 ). The lower surface of the leaf may protect eggs from adverse weather conditions and may also reduce the chances of detection by natural enemies. Increased oviposition on the underside of the leaf by other noctuids has also been associated with an increased trichome density on the lower leaf surface (Hillhouse and Pitre 1976 , Navasero and Ramaswamy 1991 , Mascarenhas and Pitre 1997 . Trichome density may be responsible for increased oviposition on the lower surface of hairy cultivars such as AC Pennant, which has a greater density of trichomes on the lower leaf surface (Ulmer, unpublished data) . However, females also preferred the lower leaf surface of cultivars which had relatively few trichomes (Ͻ2/cm 2 ) on either leaf surface, such as AC Excel.
This study has shown that bertha armyworm moths prefer ßowering crucifer plants for oviposition, most of which occurs on the underside of leaves in the upper part of the crop canopy. Females also show oviposition preferences among different cultivars of cruciferous plants, although further study is required to determine which characteristics are responsible for attracting and deterring oviposition on these cultivars.
Providing information on the most susceptible Brassica growth stages and cultivars, coupled with pheromone trap count data, will assist in alerting canola producers to economically important bertha armyworm infestations earlier in the insectÕs development. Knowing the preferred location for oviposition will also facilitate development of more efÞcient scouting protocols.
